Abstract-Dust accumulation on the optical surfaces of solar collectors causes significant losses in their energy yield. Fine dust particles, compared to coarse ones, contribute significantly more in the performance loss, assuming identical dust concentration density. This study examines the performance of different electrodynamic screen (EDS) prototypes, operated in different conditions, in removing fine dust particles in the laboratory environment. After going through several cycles of dust deposition and cleaning using EDS, the dust residue left on each EDS prototype is collected and analyzed using a Horiba particle size distribution analyzer. The particle size distribution (PSD) analyses determine which EDS design has performed superior in removing a given size range and in which operational condition. The results are advantageous in the optimization procedure of EDS to attain maximum dust removal efficiency and minimum optical interference.
I. INTRODUCTION
Dust accumulation on the optical surfaces of solar collectors, the so-called "soiling", has a detrimental impact on their energy yield [1] , [2] . The deposition of dust through wind lowers the available power output in both concentrated solar power (CSP) systems and photovoltaics. Soiling has more destructive effect on concentrated solar systems than on flat-plate photovoltaic panels, as the former are incapable of converting scattered sunlight [3] . Dust can obstruct light from reaching solar concentrators and solar panels, and even a small amount of dust can scatter light on solar concentrators. The arid nature of the areas with high solar irradiance makes cleaning of the solar arrays using water costly. In lieu of the most commonly-practiced manual cleaning method of using high-pressure water jets, the concept of automatic dust removal using the electrostatic forces of electrodynamic screen (EDS) [4] - [9] technology is in a developmental stage and on its way toward commercialization.
It is known that fine particles have a significant deteriorating impact on the performance of solar collectors. Therefore, the removal of fine particles is essential to restore the efficiency of soiled solar collectors. To the best knowledge of the authors, no significant work has been pursued in the analysis of the EDS performance in removing fine dust particles. Kawamoto and Shibata [10] has shown that their developed EDS works well on coarse particles. However, it has an inferior performance in removal of fine particles. This study addresses experimental works conducted to characterize the performance of different EDS prototypes in removing fine dust particles through analysis of the particle size distribution of the dust residue, accumulated after multiple cycles of dust deposition and EDS cleaning.
It is important to point out that the optical characteristics of the EDS plays a decisive role in its practical development. However, in this study, we only concentrate on the electrostatic performance of the EDS in fine dust particle removal. The EDS prototypes, as will be introduced in the next section, have been developed on an opaque substrate of printed circuit board (PCB). Durability, ease of manufacturing, and robustness of the PCB-EDS prototypes are the main reasons why they are used in the experiments.
II. EXPERIMENTAL DETAILS A. EDS Prototypes
Figure 1(a) shows the general schematic of the EDS prototypes used in this study, in which the electrode width and interelectrode spacing are denoted as w and g, respectively. Two transparent dielectric coatings are placed sequentially on the electrodes. Fig. 1 (b) shows a prototype printed circuit board (PCB) EDS. Table I provides the dimensions of the 5 EDS prototypes included in this study. 
B. Environmentally-controlled Test Chamber
An environmentally-controlled test chamber (Thermo Scientific Forma 3940) was used in conducting the experiments. The chamber has temperature and humidity control, allowing for a uniform and consistent testing environment. The temperature was kept at a constant 25
• C and the relative humidity was set to either 30% or 50%. The chamber was allowed to stabilize at the programmed humidity and temperature each time the door was opened. The EDS was mounted on a structural apparatus with an inclination angle that can be changed to 20, 30, and 40 degrees.
A sieve (No. 100) with nominal opening of 150 μm was suspended over the EDS and filled with JSC Mars-1A simulant 978-1-5090-5605-7/17/$31.00 ©2017 IEEE dust [11] . The as purchased dust was ground to decrease the particle size to the range of the experiment, and pre-sifted using the No. 100 sieve, and baked at 200
• C prior to being added to the chamber. The dust was handled with gloves to avoid introducing any organic oil based contamination. A pneumonic actuator was aligned with the side of the sieve. When activated by a foot pedal, the actuator struck the sieve, depositing dust uniformly over the EDS prototype.
A custom-build power supply with the input of 12 V dc provided the three-phase rectangular pulses necessary for the EDS operation. The duty cycle was 50% and the excitation frequency was 5 Hz. Two different power supplies were used during the course of the experiments, one with an amplitude of 1.5 kV and the other was programmed to provide an amplitude of 1 kV.
C. Experiment Procedure
Prior to placing the EDS in the test chamber, it was thoroughly cleaned using Kimwipes and deionized (DI) water and was then left to air dry in the lab. The procedure used to test the EDS was as follows:
1) Deposition of a fine layer of dust on the EDS prototype using the vibratory sieve, 2) Activation of the EDS for 1 minute to repel the deposited dust particles We repeated the above procedure, defined as one cycle, for 10 cycles and no manual cleaning of the EDS was done between each cycle. By pursuing this approach, we examine the degradation of EDS performance and dust buildup on the EDS surface after several cycles of dust deposition and cleaning using EDS, similar to what happens in outdoor exposure of the PV systems in most of solar fields, where they do not experience frequent rainfall events. Afterwards, dust not on the active area of the EDS was discarded. Then the residue of dust on the active area of the EDS prototypes was collected into aluminum petri dishes, to avoid loss of dust due to static charge. The dust collection was done using a fine brush with synthetic bristles, which avoided any retention of the dust by the brush. The particle size distribution (PSD) was measured using a Horiba La-910 particle size distribution analyzer using DI was as a dispersant and constant sonication. Figure 2 provides the particle size distribution (PSD) analyses of the dust as deposited on EDS prototypes and residue of dust collected from prototype 1. The amplitude of EDS pulses was fixed at 1.5 kV, relative humidity was set at 30%, and the tilt angle was 20
III. RESULTS AND DISCUSSION
• . As Fig. 2 shows, the EDS was able to remove the particles centered around 50 micron size. The particles with size smaller than 3 μm do not contribute significantly in the optical losses and therefore can be disregarded in the analysis. Figure 3 shows the mean of the residual particles for the five prototypes when they were tilted at 30
A. Impact of RH
• and 1 kV applied and in two RH values. There was not a significant difference in the PSD between the trials conducted at 30% RH and the trials conducted at 50% RH. These two values were chosen due to the believed increased attraction of the dust to the surface at 978-1-5090-5605-7/17/$31.00 ©2017 IEEE 50% RH. However, the effect of the humidity seemed to have a similar effect across all of the dust sizes, and therefore did not change the distribution. This result only effects the PSD, not the dust removal efficiency, which has been shown to decrease with increased RH. Figure 3 shows that increasing the inter-electrode spacing decreased the mean particle size. It also decreased the median particle size. Therefore, larger inter-electrode spacing might be better at removing larger particles (or less good at removing smaller particles). This was more true in the 1 kV case. It should be noted that smaller electrode spacing has already been shown to increase the volume of dust removed, increasing the overall dust removal efficiency. The conclusions in this paper are only a reflection of the PSD of the remaining dust.
B. The Impact of Inter-electrode Spacing

C. Impact of tilt angle
The overall PSD decreased with increasing tilt angle. That is to say that the 20
• PSD generally had larger mean and median values that the 40
• tilt angle. This is not surprising, giving that a higher angle of inclination results in a larger contribution of gravity to the dust particles, resulting in a larger force on the particle and increasing the likelihood that it will be removed by the EDS. At 30
• tilt angle, an increase in the electrode spacing decreased both the mean and the median of the PSD. Therefore, the entire PSD is being shifted to the smaller particle range. This indicates that the larger particles are being more effectively removed by the larger electrode spacing. This effect was not a significant effect at 20
• or 40
• tilt angles.
IV. CONCLUSION
The residual dust on the surface of the EDS was investigated to determine the effect that the relative humidity, applied voltage, tilt angle, and the electrode spacing have on the PSD. The RH and voltage used did not have a significant effect on the PSD of the remaining dust. Neither parameter significantly changed the overall PSD. The overall PSD decreased with increasing tilt angle. Increasing the electrode spacing decreased the PSD in approximately half of the cases, and did not change significantly in the remainder of experiments. This implies that a smaller inter-electrode spacing was more effective at removing smaller particles than larger electrode spacing.
